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THE LONG-TERM EFFECTS OF EXPOSURE TO LOW DOSES OF LEAD IN CHILDHOOD
A=m 11-Year Follow-up Report

Hemnent L. NezpreMan, M.D., Aran Scaerr, M.A., Davip Bervinger, Pa.D., Aran Levrron, M.D., -
AND EvLszzasern N. ALieep, M.S.

Abstract To determine wheiher the effects of low-level
lead exposure persist, we resxamined 132 of 270 young
aduits who had inilially been studied as primery school-
children in 1975 through 1978. In the earfier shudy, Netyo-
behavioral funclioning was found 10 be fwersely related ©
dengin lead leveis. As compared with thoss we restudied,
the other 138 subjects had had somewhat higher lead
ieveis on earfier analysis, as well as significanily lower
IQ scores and poover teachers’ ratings of classroom be-
hawvior.

When the 132 subjects were resxamined in 1988, im-
paiment in neurcbshavioral function was sill found t©©
be related 10 the lead content of teeith shed at the ages
of six and seven. The young psopie with dentin iead levels
>20 ppm had a maskedly higher risk of dropping out of
high school (adjusted odds ratio, 7.4; 95 percent con-

ITHIN the past three years, the Eavironmental
Protection Agency and the Agency for Toxic
Substances and Disease Registry have concluded in
policy statements that lead at low doses is a serious
threat to the cenaal nervous systems of infants and
children.'? These policy statements have been based
on a growing convergence of results from both epide-
muologic and experimental studies of lead toxicity in
the United Scates, Europe, and Australia.>* Whether
the effects on the central nervous system of exposure
to low doses of lead that have been observed in infants
ard children persist has received limited attention.
Oaly three follow-up studies have been published o
date, and the longest follow-up has been five years.*"
No data have yet been reported on whether early dis-
turbances influence functional abilities in later life.
In 1979 we reported that first- and second-grade
children without symptoms of plumbism, but with
clevated dendn lead levels, had deficits in psychomet-
ncmteﬂlgmcesmtu,spwchandhnguagc?lu
ing, attention, and classroom performance.” When
thcywerestudndmtheﬁﬁhgnde,dlechlldrulwith
high dentin lead levels had lower [IQ scores, needed
more special academic services, and had a significant-
ly higher rate of failure in school than other children.?
We have now evaluated the neuropsychological and
academic performance in young adulthood of 132 of

ﬁ-&hﬂduhmdmwwh
Sosos Usiversity. Bamom (A-S.X and the Unit, Chilben’s
Hosputal 204 Harvanl Madical Schosl, Bomea (D.8.. AL, EN.A). Addus
regrim soquass 0 Dr. Nesdiemss & @he Usivarsity of Schael of
Madicine, Wesmwrs Prychinsric lnsissse sad Climic. 3811 O'Hams S, Pabargh,
PA 15212,

Sappared by a grast (ES 04095) from the Nasional instinse of Esvisenmesml
Henlth Scirmoms. Dr. Bellingar's work was sappartnd by a Reacarch Casner De-
velopmmt Award (ES 00138) dwing the cominct of this sndy.

Prcaomted is part & e sesnel mesting of the Seciny for Pediasric Remach/
Amsnces Pedinwic Secisty, Washingesn, D.C., May 4. 1999.

!

The initial sample was chosen from the population of 3329 chil-
drea enrolled in the first and second grades in the Chelses and
Somerville, Massachusetss, school syseems between 1975 and 1978.
Of this population, 70 percent provided at least one of their shed
primary teeth for lead analysis. From this sample of 2335 children,
97 percemt of whom were white, we idendfied 270 Gom English-
speaking bosses whose initial demtin iead levels were cither >24
mor<6pp-.1\ud|ﬂu(nuage.7.3yan)m:
an extengive cxamination. More weth were subse-
quently collected aad analyzed, and the subjects whose teeth were
discordant with respect w0 lead level according w0 a prion ariteria
were exciuded from the data analysis. Also excluded from the amaly-
sis were children who had ot been discharged from the hospital
Mhﬁa&:uﬂﬂeu&ummuam
bead injury, or who were reported (0 have had plembiem.’

In a later rcanalysis, conducted in respomse w0 suggestions from
the Eaviroamencal Protection Ageacy,'? the wooth lead level was
wessed as a contimwous variable. A mean dendn lead level was
computed for each subject from all the weth collected. The exdlu-
siopary facenrs previously wsed were found oot © be reissed 0
eaduded from this sample.

The 270 subjects tested from 1975 w0 1978 constitute the base
populadon for this report. From oid reseasch records, telephone
directories, owa records, and driver's-license rolls, we located
177 subjocts. Of these, (32 agreed w pardcipate, and the re-
maining 45 declined. The subjects were paid $35 cach and received
travel expenses. Ten subjecs tested in 1988 had been excluded from
the analysis reported in 1979 because their parents stated at the
time of testing that che children had clevased blood lead levels or
scparately in this report. The mean age of the 132 subjecss at
the 1988 recxamination was 18.4 years; the mean length of tmee
between the rwo examinations was 1 1.1 years. All but four subjects
in the carrent follow-up stedy were white. No climical mamifests-
tions of lead were recorded in the earlier inserviews
for the 122 subjects who were aot trested with chelating agenss.
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proved by the msttutinaal review boards of the Children's Hospital
of Pirsburgh and the Children's Hospital, Baston. [nformeed com-
scat was given by all the subjects or their pasenss.

Classificstion of Lesd Expomae

All the dentin icad levels measured from 1975 through 1977 were
used 0 compute aa arithmsetic mean lead concenoration for cach
subject. The lead barden was wreated in two ways: as an imsterval
variable in linear regressions and as 3 cegorical variable — ic.,
bigh (>20 ppm), medium (10 10 19.9 ppa), and low (<10 ppm) —
in the logistic regressions described below. Lead levels im venous
biood were measured at the tme of the recxamimation 10 estimete
current exposure. This pracuce was discontineed after the e 48
sebjects were tested, because acne had a iead level cxceeding 0.34
jsmol per bicer (7 pug per deciliter), well below the Ceamers for Dis-
case Control’s defimition of wdue lead exposure of 1.25 gmal per
liter (25 pg per decilieer).

Bshaviorsl Evelustion

The subjects were evalunsed individuaily by a single examimer,
who remassed biinded © their lead-cxposure states wnail all the
data had been coded and entered im0 a computer data base. Al

amessments were carmied ont in a fixed arder; the duration of the
testing was abowt two howrs.

Neurobehavioral Evelustion System

The subjects complcted an ancomated amessment battery
which they used a personal compueer, joystick, and respomse key.'?
We sciecied the following items from the battery for evaluntion:

Continmus-porfovassacy iast."*

Symivi-digit mistitation, 2a adaptation of the Wechaler isem for
computer admmimistration.

Haud-¢m coovdinstion. Using a joystick w0 move the carsor, the
suhject traced over a large sine wave generated on the memitor
screen; devistions from the line (root mean squeare arTor) were
recorded.
when an O appeared on the sareen; the imeerval befose the stime-
tus was vanied randomly.

Fiager tapping. The sabject pressed a resposse butten s many
tanes as possible during 2 10-sccomd period; both bands were
tessed.

Pattern memevy. The subjecs wan prescmend with 3 compuser-
generaed patsern formed by a 10-by-10 arTay of dask and bright
dements. Afier a brief exposwre, the subject wes pressnesd with
three patserns, only ane of which was idestical o the erigimnl
pattern. The sumber of correct respanass and the lngth of time
o the csrect choice were recorded.
Patin snpevissn. The suhjecs was preseased with dheee com-
puser-gencrated an the 10-by-10 arvay. Twe ware idenei-
cal, and one diffesed slighaly from the other two. The subject was
ared 0 sclect the e
Sovial-digit lawuing. The suhjecs wes preseecd with a string of
10 digies, then ashad o enter the string im0 the . Aer
am esvor, the same stimnies was presensed, and the scosnd winl
began.
Vecaluiary. For each of 25 wards, the ssbject chese the wand
mont scarly synoayssous from a list of four choices.
Grannutical wessning. The sabject was prescased with & paiv of
letsers, A and B, whose relative position varied. Then the screm
ceared, and the letters were replaced by a sensence that deseribed
the arder of the leners. The sensence might be active or pas-
sive, affirmative or acgative, true or false (czampies are “A fal-
lows B” and “B is st followed by A"). The saljjocs bad ®»
choose the corvect seatemces, and the sumber of cvers wes
recorded.

Jam 11, 1990
Sevitching attmtion. The subjec: was required 10 chogee whech
key w0 prem i raspomse 0 three differeat mstrectioss. 10 the
“sicde” trials, the subject had w0 press the key on the mme ode as
the sumohm. s the “direction™ triais, the correct chosce was the
direction i which an arrow poimterd. Before cach orial @ the third
set, the subject was wid whether w choose the sude the arrow was
om or the direction in which it poimesd.
M*mu“dﬂmﬁ_t&h&dhﬁnﬂ

The following tests were also wsed 10 evaluase ocurobehavioral
o

Calloria Verbal Lemming Test

The California Verbal Learning Test'® was used t0 azsess mulo-
ple strategies and processes involverd i verbal learming and mem-
Boston Naming Test

In the Bosson Naming Test,'’ the subject was presentzd with 60
pictures in order of imcreasing dilicuity and asked 0 name the

objecs shown.

Rey-Ostarrsith Compisx Figare Test

The Rey-Outerreith Complex Figure Test'® was saed 10 evaluaie
visual-wotor and viswal-spatial skills. The subject was asked 0

copy as abstrac: geametric figure and thes 1o draw it from memory

both immedinscly and afier 30 minmecs. Accuracy and organezation’
soores were calculnsed.

Wornd-identiication Test
Form B fram the Woodcock Reading Mastery Test was used o

m“ammmm

from raw scorea. disahilicy was defined as imdicated by
scores two grade levels below the score cxpected on the basis of the

highes: grade completed.
Sell-Ruports of Delincussncy

The ssbjecs completed a structwred questionsaire from the Na-
tional Yonth Servey'® that inchuded scales for mimor antisocial be-

Review of School Records

High-echool records were obtaimed for all but two of the subjects
testd. Class sine andd rank, the highest grade compiveed, and the
sumber of deys absent and tardy in the last fall sewemer were
recorded. Students whe were still i the 1 1th grade at the time of
testing were a0t included in analyses of the highest grade compiet-
ed. Class rank was computed 28 | — (class rank/class sine).

Sintiaticnl Analyeis

To cvalunte whethey the pasticipants i this cvaluation
were represcatative of the origimal cobort, subjecss who were eswed
ansl nat ceated in 1988 were compared i teyms of varinhies repored
= 1979, including dentin lead icvels, covarinees aot related 0 lead
cpore, teachers’ rasings of classrosm behavior, and 1Q soores. In
addision, we carvied eut separate regreasions of dentin lend level
aguinst Q scare 23 messured betwaen 1976 and 1978 for subjec
emed and set wsd in 1998 We then performed a regression on
both groups taken together, cnterving both a dumsny wrm for partici-
p--hmh(pcu)ﬂam

stagus werm.

To evalunse the relation between early cxpossse © lend and cach
of the continmomsly dintributed cuscome varinbles, subjects were
clessified according w0 dentin lead-ievel quaniles, and meas soores,
adjmsted for coveriaees, were computed. Ovdimary least-squares im-
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ear regression, with the mean or log-mean dentin lead level as the
main effect. was used to esumate the significance of the relauon.
Outcomes that were significantlv associated with lead exposure in
*hese bivariate analvses were further evaluated by muluple regres-
sion analvsis. Ten covariates were included in the modei. Thev were
the mother s age at the ume of the subject’'s birth, the mother's
educauonal level. the mother's 1Q, family size. socioeconomic sta-
tus (a two-factor Hollingshead index). sex. age at the time of test-
ing. birth order. alcohol use. and whether the subject and the moth-
er left the hospual together after the subject's birth. The lead
measure (the mean or the log of the mean) that produced the best-
fitted model ‘highest R¥) 1s reported. Five of these covariates were
emploved in the first studv of these subjects and shown 1o be influ-
enunal. Five others 1sex. age at tesung, proionged hospitalization as
a neonate. birth order. and current aicohol use) were added to the
model on the basis of prior knowledge of their effects on psvchomet-
ric tuncuon. Logistc-regression analysis was used to model the as-
sociauon of lead level and two outcomes treated categonically (faii-
ure to graduate from high school and reading disability). In this
analvsis. we controlled for the covariates listed above. Two indica-
tor vanables were used to represent the three exposure groups.
Qdds rauos and 95 percent confidence intervals. adjusted for covar-
1ates. were computed for the high-lead-level group. with the low-
lead-level group used as the reference group.

ResuLts
Selection Blas

The (32 subjects who were retested in 1988 (Table
11 were not representative of the group of 270 subjects
tested in 1979. The subjects we retested tended to have
slightlv lower dentin lead levels, more highly educated
families of higher socioeconomic status, and mothers
with higher IQs and better obstetrical histories; a
higher proportion of the retested subjects were girls.
I[n addition. they had had fewer head injuries and had
significantly higher 1Q scores and better teachers’
ratings as reported in 1979. The slope of the regres-
sion of childhood IQ on dentin lead level was steep-
er in the group not tested in the follow-up study, al-
though the difference from the slope in the group we
retested was not statistically signifi-
cant (F = 1.82.1.196 df; P = (.18).
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Tabie 1. Companson of Subjects Tested and Not Tested

in 1988.*
Testen Notr Tesrep

CRamacTERIITIC IN = 132y No= 118 PVaLLe
Lead-level group (%)

Low $0 478 —-

Middle 2.7 167 —

High 23 358 Q7
Birth order 23=16 28=19 0.016
No. of live births 28=15 312=16 005
Father's educanon 1yr) 122=2.6 114226 0 009
Mother's education (yr) 12.0=2.2 111=21 0.000$
Mother's [Q 112=15 108z 15 0017
Mother's age at subject's 5.5=59 5.3=58 07

birth (yr)
Father's age at subject’s 283278 188=79 0.6
burth (yr)

Gesation (wk) 39.9=2.0 0.0=1.7 07
Birth weight (g) 3776=608 3712=600 0.40
Sex (%)

Female 55.3 2.8

Male 4.7 513 0.04
Head injunes (%) 38 87 009
Teachers' ranngs (1979 sum score) 93=28 8§2=36 0.004
Full-scale 1Q (1979 107.5=14 99 5=1is 0.001

*Plus—munus vaiues e means =SD. +By chi-square et for ail lead-level growps.

covariates increased the odds ratio to 7.4 (95 percent
confidence interval, 1.4 to 40.8). Higher dentin lead
levels were also associated with lower class rank.
increased absenteeism, lower scores on vocabulary
and grammatical-reasoning tests. significantly slower
finger-tapping speed, longer reaction times. poorer
hand—eye coordination. and lower reading scores. In
subjects with dentin lead levels >20 ppm. the unad-
justed odds ratio for having a reading disabilitv, de-
fined by a score two grades below that expected for the
highest grade completed, was 3.9 (95 percent confi-

Tabie 2. Ouicomes in Young Aduithood According to Dentin Lead Concentration

Academic and Neurobehevioral in Chilahood. *
QuTcoms Vanans L2AD ConCENTRATION

Table 2 shows the covariate-ad- Lowasr Low wow wowesT
justed scores of the 122 subjects SO (hO-appmi  (Bi-Diepm (>33 e
who did not have clinical plum- No. of subjects % N b 3
bism. according to their dentin lead Reading score (words read comectly) 143.8 142.7 140.2 138.2
concentrations. Table 3 summa- Reading grade equivaient (grade level) 12.2 1.9 12 10.1
rizes the results of modeling the re- Higheut grade achieved (grade level) 1.7 19 s 113
lation between early exposure to Class sunding (percencie) lg':" lg';" l?,';‘ ,g':’
lead and outcome by multiple re- Abasace from achool (80 of dayw ' : ' -
gression. Earlier exposure to lead Vocshulary (words correct) 18.0 16.4 17.6 14.6
was significantly associated with di- Grammatical ressonmng (%0. 13.1 13.0 12.8 15.8
minished academic success. Among incosrect) .
children with dentin lead levels Hand-eye coordination’ 5.1 5.4 3.3 62
>20 ppm, as compared with those prralordiunt 266 2655 %73 5.1
whose dentin lead levels were <10 Noupreferred hand 241.2 238.2 258.4 1.2
ppm. the unadjusted odds ratio for Finger appiag (00./10 sec) “.6 a2 49 Qs

failure to graduate from high school
was 4.6 (95 percent confidence in-
terval, 1.2 1o 17.4). Adjustment for

*The subyscts weve divided 0 Sroups accoring 00 ieed-isvel quasties. The vaiees SEOWS W ISRSI-AQUAFT MIAR KCOMeS.
afvr sdpustmen for covanams. Subjcts with clinscal plembem heve bese esciuded.
tFor hend=eys coONERSDOR. Mrper cumbers MAMCEIE TOMS SFTOM.
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Tabie 3. Regression of Outcomes in Young Aduithood on Dentin Lead Leveis in Childhood.*

OuTcome Vamastt BivaniaTe RECRESTION

MULTIPLE REGRESSION

) PARAMETER PanAMETER
R* £STIMATE SE PaLLe R* ESTIMATE SE P vaLee

Highest grage achieved ) oel -2027 0.009 ) 008 239 -0 027 0.0l 013
Reading grade equivalent Q121 -007 0.018 0 000 0229 -0 9072 0021 9001
Class standaing 3039 -0 006 0.003 0.048 0 248 -0 006 0.003 0 048
Absence from schoo:™ ) 071 48 1.7 0.006 0209 173 18 J01
Grammatcal reasoning 0081 0is 0.062 9012 0.197 0178 0.068 0.011
Vocabuiary ) 0.108 -0.124 0.032 0.000 0.324 -0.122 003 0001
Finger tapping 003t -0 104 0.08 008 0.336 -0133 00s .01
Hand-eye coordinaton 0.043 0.041 0.018 002 0.198% 0.048 0019 301
Reaction ume*

Preferred hand 0025 1.8 6.66 0.08 0.242 12.9 63 0042

Nonpreterred hand 003 1.s 0.08 0.056 0.229 10.3 S 006
Minor antisoctal behavior? 0025 -0.639 036 0082 0.306 -0 739 0138 q038

*The following covanases were lod for 1n the age. sex. buth onder. famuly size. MOthEr's age Al the SUDNCT s Dirth. iength of the NeONaLal sty In the NOSPwa).

mother s educanon level. mother 5 1Q. socioeconomic sams. n:cummm.
*The namaras log of the mean dentin lead level was used as the masn effect.

dence interval. 1.5 to 10.3). Adjustment for covariates
increased the odds ratio to 3.8 (95 percent confidence
interval. 1.7 to 19.7). For most outcomes. neither the
size of the lead regression coefficients nor their stand-
ard errors were substantially changed by adjustment
for covariates.

Of the 10 children with clinical plumbism (who
either underwent chelation or were reported to have
had elevated blood iead levels), 3 of 7 (43 percent)
dropped out before graduating from high school (3
others are still in school), and 3 of 10 (50 percent)
have reading disabilities. When the children with
plumbism were grouped with the other subjects ac-
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% Not Graduating trom High School

<596 5.98-8.2 -2.22 >aa2

Asympromatic }

quartiies. Seven of the 10 subjects who were earlier reported 0
have clinical plumbism are shown in & separate column. No
school records were found for two subjects. One subject was not
tested but reported that she had graduated X
(There are therefore 121 subjects represented in this figure.) Ten
subjects (three with reported plumbism and seven asymplometic
subjects) are still attending high school and are therefore not
shown here. The numbers in each column indicale the number

who did not graduate and the total number in the category.

cording to quartiles for dentin lead levels, a dose-
response relation was evident for both outcomes (Fig.
| and 2).

Early exposure to lead was not significantly associ-
ated with performance on the symbol-digit or serial-
digit tests, the continuous-performance test, pattern
memory or pattern comparison, switching attention.
the California Verbal Learning Test. the Rey~Oster-
reith figures, the Boston Naming Test, or mood scores.
The lead level was inversely related to the summed
score on the self-report of delinquency questionnaire.
which consisted primarily of reports of minor antiso-
cial behavior.

When subjects were divided into two groups ac-
cording to their dentin lead levels (<10 ppm vs. =10
ppm), high dentin lead levels predicted future failure
to graduate from high school with a sensiavity (=SE)
of 0.71=0.12 and a specificity of 0.61=0.05 (Table ¢).

Discussion

In this extended follow-up study, in which the mean
length of follow-up was 11.1 years, we found that the
associations reported earlier between lead and chil-
dren’s academic progress and cognitive functioning
persisted into young adulthood. The persistent toxici-
ty of lead was seen to result in significant and serious
impairment of academic success, specifically a seven-
fold increase in failure to graduate from high school,
lower class standing, greater absenteeism, impairment
of reading skills sufficienty extensive to be labeled
reading disability (indicated by scores two grades be-
low the expected scores), and deficits in vocabulary,
fine motor skills, reaction time, and hand—eye coordi-
naton.

A number of issues require consideration when one
is interpreting the data reported here. The first is the
influence of selection bias on the associations we ob-
served. The subjects retested in 1988 had more favor-
able characteristics than those who could not be locat-
ed or who declined to participate. The subjects who
were not retested tended to have had higher lead lev-

1
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Figure 2. The Proportion of Subjects with Reading Disabilities,
Classified According to Their Past Exposure to Lead.

Asymptomatic subjects are classified according to lead-leve!

quartie. and 10 chiidren with a history of clinical piumbism are

shown separately. Reading disabiity is defined as indicated by a

reading level two or more grades beiow the expected level. The

numbers in each coiumn indicate the number with a reading dis-
ability and the total number in the category.

els. lower socioeconomic status, and lower [Q scores
and teachers’ ratings of classroom behavior. The in-
verse relation between dentin lead levels and 1Q re-
ported in 1979 was stronger for the subjects who were
not retested in 1988 than for those we retested, al-
though the difference did not reach statistical sig-
nificance. This finding is in agreement with the obser-
vation. made bv us and others, that children from
families in lower socioeconomic groups are more vul-
nerable to the effects of lead than children from more
favored economic backgrounds.® We infer that the
estimates made on the basis of the data on the 132
subjects we restudied are likely to be conservative.
Indeed. had all the original subjects been located and
retested. the magnitude of the effect of lead exposure
might have been even greater.

Is the nature of the relation between lead and later
outcome causal. or does it result from confounding by
other variables? The association between lead and
outcome reported here meets six criteria for valid
causal inference: proper temporal sequence, strength
of association. presence of a biologic gradient, non-
spuriousness. consistency, and biologic plausibility.*!

In this study, the exposure to lead preceded the
school failure and the reading disabilities measured.
The strength of the association, as measured by ad-
justed odds ratios of 7.4 and 5.8, was substanual. A
dose-response relation has been demonstrated be-
tween exposure and numerous outcome variables (Ta-
ble 2. Fig. | and 2). “Nonspuriousness™ indicates that
the association observed is not due to confounding. In
this analvsis, we controlled for both the covariates that
were identified in 1979 as potential confounders and
others we suspected were important. The magnitude
of the effect of lead was reduced only slightly, if
at all. bv this procedure. The zero-order correlation
between socioeconomic status and dentin lead levels

‘sm?f
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in this sample was not great (r = 0.04}. Manyv covar-
lates that were important contributors to performance
in the eariv grades (e.g.. the mother’'s 1Q and the
mother’'s educational level) had less effect on the
subject’s performance in voung adulthood. The re-
sults, moreover, are consistent with those of several
other studies by workers who have reported lead-
associated deficits in reading*?%?® and early classroom
behavior.*?* The lead-related deficits in 1Q, speech
and language processing, and attention reported in
1979 provide plausible mechanisms by which lead
could impair performance in class and produce even-
wal failure. Similar effects on learning have been
demonstrated in the experimental studies bv Gilbert
and Rice of subhuman primates.” In these investiga-
tions, rhesus monkevs, administered lead onlv in the
first 100 days of life. had impairments in learning
as adolescents. In adolescence. the mean blood lead
level of these monkevs was 0.73 sumol per liter (13 ug
per deciliter).

The value accepted as the threshold for lead-engen-
dered neurotoxicity in children has declined steadily
over the past decade as more sophisticated population
studies. with larger samples. better designs, and better
analyses. have been conducted. ! #2343 When this
study was begun in 1975, the toxic level of lead in the
blood was defined by the Centers for Disease Control
as 2.0 umol per liter (40 ug per deciliter). In 1973.
the mean blood lead level in a subsample of 23 chil-
dren chosen from among those with the highest dentin
lead leveis in an earlier study was 1.7 umol per liter
(34 ug per deciliter).? None of our subjects were symp-
tomatic. That these subjects were exposed to high
doses of lead after the original studv was completed is
unlikely. Lead exposure, the incidence of pica. and
hand-to-mouth behavior diminish after the fifth vear
of life. The low blood lead levels found in these sub-
jects in young adulthood (all <0.034 umol per liter)
provide convincing evidence that their later exposure
to lead was not excessive.

The consensus on what level of lead is toxic has
changed in recent years. After reviewing the studies
published up to 1987, the Agency for Toxic Sub-
stances and Disease Registrv defined the threshold for
neurobehavioral toxicity as 0.5 to 0.7 umol per liter

Table 4. Seasitivity and Specificity of the Dentin
Lead Level in Childhood as a Predictor of Failure to
Graduate from High School.*

HiIGH-SCHOOL GRADUATION Leap Lever

10 PPN <0 rru
No 10 4
Yes 39 61

Sensiuvity = 10/(10+4) = 0.71
Specificity = 61/(61+39) = 0.6]

*Of the 22 ssympeomenc subjyects stuciesd. 7 subyects who were soil
anending school &t the ume of dus analyss were exciuded. One subpct s
school records were sot fouad. Of the 132 sebyects resssesd » 1968, e |0
mennupu-unmu“.
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{10 to 15 ug per deciliter).' The agencv estimated that
3 to 4 million American children have blood lead lev-
els 1n excess of 0.7 umol per liter. The mean blood
level among our subjects with high tooth lead levels,
estimated 1n 1979 from a limited lead-screening pro-
gram. was 1.6 pmol per liter (34 ug per deciliter)
irange. .87 to 2.6 umol per liter {18 to 34 ug per
deciliterj). For subjects with low tooth lead levels, it
was 1.2 umol per liter (24 ug per deciliter) (range,
0.58 to 1.7 umol per liter [12 1o 36 ug per deciliter)).
Thus. the lead leveis in the reference sample used in
the calculation of the odds ratios for one high-lead-
level group were relatvely high by contemporary
standards.

The data presented here indicate that exposure to
lead, even in children who remain asvmptomatic, may
have an important and enduring effect on the success
in life of such children and that early indicators of lead
burden and behavioral deficit are strong predictors of
poor school outcome. For the small group of 10 sub-
jects who were diagnosed earlier as having plumbism,
the outcome was especially dire: half of these young
people have reading disabilities, and almost half left
high school before graduation. Given the federal esti-
mates that 16 percent of children in the United States
have elevated blood lead levels (>0.7 umol per liter
(15 ug per deciliter}), the implications of these find-
ings for attempts to prevent school failure are intrigu-
ing. The practical importance of early detection and
abatement of lead in the environment, before it enters
the bodies of children. is borne out by these long-term
findings in voung adulits.

We are indebted to Drs. Richard Frank, Constantine Gatsonis,
Alan Mirskv. and Roif Loeber for their careful review and critiques
of the manuscript and to Ms. Pat Hadidian for her careful work in
finding subjects and reviewing records.
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